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Production of charmed baryon Λc(2940) by kaon-induced reaction on a proton target
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We investigate the possibility to study the charmed baryon Λc(2940) by kaon-induced reaction on a proton
target. By assuming the Λc(2940) as a pD∗0 molecular state with spin-parity J p = 1/2±, an effective La-
grangian approach was adopted to calculate the cross section, the D0 p invariant mass spectrum and Dalitz plot
of the Λ(2940) production. The total cross section of the K−p → Λc(2940)D−s reaction is found at an order of
magnitude about 10 µb. By considering the subsequential decay Λc(2940) → D0 p with contributions from the
Λc(2286) and the Σc(2455) as background, the K−p → D−s D0 p reaction are studied. It is found that the Λc(2940)
is produced mainly at forward angles. The Λc(2940) signal is predicted to be significant in the D0 p invariant
mass spectrum and the Dalitz plot of the K−p → D−s D0 p reaction. The results suggest that it is promising to
study the Λc(2940) with high-energy kaon beam on a proton target in experiment.
PACS numbers: 13.60.Le, 12.39.Mk,13.25.Jx
I. INTRODUCTION
Thanks to the experimental progress, more and more
charmed baryons have been observed. The charmed baryon
Λc(2940) was first observed by the BABAR Collaboration [1]
in the D0 p invariant mass spectrum. Later the Belle collab-
oration [2] also reported the observation of this state in the
Σ
0,++
c (2455)π± invariant mass spectrum. The mass and width
of theΛc(2940) state reported by both collaborations [1, 2] are
consistent with each other:
BABAR: M =2939.8±1.3±1.0 MeV,
Γ =17.5±5.2±5.9 MeV;
Belle: M =2938.0±1.3+2.0
−4.0 MeV,
Γ =13+8+27
−5−7 MeV.
Since the mass of the Λc(2940) is just a few MeV below
the D∗0 p threhold, it was proposed that this state is an S -wave
D∗0 p molecular state with spin parity Jp = 1/2−, and the
obtained decay behavior of the Λc(2940) is consistent with
the experiment [3]. Later, a study about the strong and radia-
tive decays of the Λc(2940) was performed by Dong and his
collaborators [4, 5]. Their results indicate that the Λc(2940)
should be assigned as a D∗0 p molecular state with Jp = 1/2+.
In Ref. [6], with a dynamical study of the D∗0 p interaction in
the one-boson-exchange model, bound states solutions were
found with quantum numbers 0(1/2+) and 0(3/2−), which
correspond to isoscalar S -wave and isoscalar P-wave D∗0 p
molecular state, respectively. Besides the pD∗0 molecular
state interpretations of the Λ(2940), the possibility to assign it
as a conventional charmed baryon was also discussed in many
approaches, such as in the potential model [7], in the chiral
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perturbation theory [8], in the 3P0 model [9], in the relativis-
tic quark-diquark model [10], in the chiral quark model [11],
in the Faddeev method [12], and in the mass load flux tube
model [13].
Since the internal structure of theΛ(2940) is not well under-
stood until now, it will be very helpful if we can obtain more
information about the Λ(2940) in more experiments. The ex-
isting knowledge about the properties of theΛc(2940) was ob-
tained from the e+e− collision [1, 2]. Thus, it will be helpful to
understand the Λ(2940) if we can observe it in other produc-
tion processes. In Refs. [14, 15], a proposal was made to study
the Λ(2940) in the p¯p annihilation which can be performed in
the future PANDA detector at FAIR. The production of the
Λc(2940) via a pion-induced reaction on a nucleon target was
discussed in Ref. [16]. The study of theΛc(2940) with electro-
magnetic probe was also proposed in the γn → Λc(2940)D−
reaction [17].
The high-energy kaon beam is available at OKA@U-
70 [18] and SPS@CERN [19], which provides another op-
portunity to study the charmed baryon. The kaon beam at
J-PARC can be also upgraded to the energy region required
in the charmed baryon production [20]. It is interesting to
make a theoretical prediction about the charmed baryon pro-
duction with the kaon beam. With an charged kaon beam,
the Λc(2940) can be produced with a proton target, i.e.,
K−p → D−sΛc(2940) reaction. In such reaction, the s-channel
is usually suppressed seriously because of very large total en-
ergy [16, 21, 22]. The u-channel contribution is usually sup-
pressed also and more important at backward angles while the
Λ(2940) is produced at forward angles through t-channel [23].
Moreover, compared with the pion-induced Λ(2940) produc-
tion, an additional ss¯ quark pair creation is needed in the
kaon-induced production, so the u-channel will be further sup-
pressed. Hence, this reaction should be dominant with the
Born terms through t−channel D∗0 exchange, which makes
the background very small. In this work, we will study the
Λc(2940) production in the K−p → D−s Λc(2940) reaction in
an effective Lagrangian approach. The Dalitz plot and in-
variant mass spectrum the for the subsequential decay of the
2Λc(2940) in the K−p → D−sΛc(2940) → D−s (D0 p) reaction
will be studied also.
This paper is organized as follows. After the introduc-
tion, we will present the effective Lagrangian and the corre-
sponding coupling constant used in this work. In Sec. III,
the formulism and the numerical result of the kaon-induced
Λc(2940) (we abbreviate it asΛ∗c hereafter) production on pro-
ton target will be given. In Sec. IV, the Dalitz plot and in-
variant mass spectrum of the K−p → D−s D0 p reaction will
be presented. Finally, the paper ends with the discussion and
conclusion.
II. EFFECTIVE LAGRANGIAN
In Fig. 1, we illustrate the Feynman diagram for the t-
channel K−p → D−sΛ∗c interaction, which is the dominant
mechanism of theΛ∗c production. The kaon beam is adopted to
attack the proton target, and the Λ∗c is produced by exchange
of a D∗ meson. As discussed in the introduction, other pro-
duction mechanisms will be suppressed heavily and not con-
sidered in this work.
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FIG. 1: (color online). The Feynman diagram for the mechanism of
the Λ∗+c production in the K−p → D−sΛ∗+c reaction. We also show
the definition of the kinematical (p1, p2, p3, and q) used in the
calculation.
To observe the Λ∗c, the subsequential decay to D0 p will
also be considered as shown in Fig. 2. The Λc(2286)+ and
Σc(2455)+ can be produced from the K− and proton interac-
tion by exchanging a D∗ meson and decay to D0 p also. So,
in this work, Λc(2286)+ and Σc(2455)+ will be taken as the
background of the Λ∗c production.
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FIG. 2: (color online). The Feynman diagram for the K−p → DsD0 p
reaction. We also show the definition of the kinematical (p1, p2, p3,
p4, and p5) used in the calculation.
To compute the amplitudes of the diagrams shown in Figs. 1
and Fig. 2, we need the effective Lagrangian densities for the
relevant interaction vertices. The spin-parity of the Λ∗c state
was still not determined in experiment. The theoretical stud-
ies [3–5, 15] suggested that the possible assignment of spin
parity of the Λ∗c are Jp = 1/2+ and 1/2−. In this work,
we will consider these two assignments. For the Λ∗c pD and
Λ∗c pD∗ couplings, we take the Lagrangian densities as used in
Ref. [15],
LΛ∗c pD = igΛ∗c pD ¯Λ
∗
cγ5 pD
0 + H.c., (1)
LΛ∗c pD∗ = gΛ∗c pD∗ ¯Λ
∗
cγ
µpD∗0µ + H.c., (2)
for the assignment Jp = 1/2+, and
LΛ∗c pD = gΛ∗c pD ¯Λ
∗
c pD0 + H.c., (3)
LΛ∗c pD∗ = −gΛ∗c pD∗ ¯Λ
∗
cγ5γ
µpD∗0µ + H.c., (4)
for the assignment Jp = 1/2−. The coupling constants in
the above Lagrangians were determined in Refs. [4, 5] in a
hadronic molecular picture with gΛ∗c pD=-0.54, gΛ∗c pD∗=6.64 for
Jp = 1/2− and fΛ∗c pD=-0.97, fΛ∗c pD∗=3.75 for Jp = 1/2+.
For the Λc pD, Λc pD∗, KDsD∗, ΣcND, and ΣcND∗ vertices,
we adopt the commonly employed Lagrangian densities as
follows [15, 24, 25],
LΛc pD = igΛc pD ¯Λcγ5 pD0 + H.c., (5)
LΛc pD∗ = gΛc pD∗ ¯Λcγ
µpD∗0µ + H.c., (6)
LKDs D∗ = igKDsD∗D
∗µ[ ¯Ds∂µK − (∂µ ¯Ds)K] + H.c., (7)
LΣcND = −igΣcND ¯Nγ5τ · ΣcD + H.c., (8)
LΣcND∗ = gΣcND∗ ¯Nγµτ · ΣcD
∗µ + H.c.. (9)
The coupling constants gΛc pD=-13.98 and gΛc pD∗=-5.20 are
determined from SU(4) invariant Lagrangians [5] in terms
of gπNN=13.45 and gρNN=6.0. The coupling constants
gΣcND =2.69 and gΣcND∗ = 3.0 [5]. The coupling constant
gKDsD∗ = 5.0 can also be evaluated from SU(4) symme-
try [24, 26, 27].
When evaluating the scattering amplitude of the K−p →
D−sΛ∗c reaction, we need to include the form factors because
the hadrons are not pointlike particles. We adopt here a com-
mon scheme used in many previous works [14, 16],
FD∗ (q2D∗ , Mex) =
Λ2D∗ − M
2
D∗
Λ2D∗ − q
2
D∗
, (10)
for the t-channel D∗ meson exchange, and the form factor em-
ployed in Ref. [28],
FB(q2B, MB) =
Λ4B
Λ4B + (q2B − M2B)2
. (11)
for the exchanged baryon, Λ∗c, Λc(2286)+ or Σc(2455)+. Here
the q(D∗ ,B) and M(D∗ ,B) are the four-momentum and the mass
of the exchanged D∗ meson (baryon), respectively. In this
work, we use the cutoff parameters ΛD∗ = ΛB = 3 GeV2
for minimizing the free parameters. This values is chosen as
the argument made in Refs. [15, 29], and was employed in
Refs. [14, 16]. A variation of the cutoff will be made to show
the sensitivity of the results on the cutoff.
3III. KAON-INDUCED Λ∗c PRODUCTION WITH PROTON
TARGET
First, we will calculate the total cross section of the K−p →
Λ∗cDs reaction, which means the production possibility of the
Λ∗c. By defining s = (p1+ p2)2, the corresponding unpolarized
differential cross section reads as
dσ
d cos θ =
Mp MΛ∗c
16πs
|~p3cm|
|~p1cm|
(1
2
∑
sc,s2
|M|2), (12)
where the θ is the scattering angle of the outgoing D−s meson
relative to the beam direction, and ~p1cm and ~p3cm are the K−
and D−s three momenta in the center of mass frame. The Mp
and MΛ∗c are the masses of the proton and Λ∗c, respectively.
With the Lagrangians given in the previous section, the am-
plitude of the K−(p1)p(p2) → Λ∗c(q)Ds(p3) reaction can be
botained as,
M1/2
±
= gΛ∗c pD∗ u¯(q, sc)Γµ±u(p2, s2)GµνD∗ (qD∗)
× gKDsD∗ (pν1 + pν3)F2D∗ (q2D∗ , MD∗ ), (13)
where Γµ± = (γµ,−γ5γµ) , and the u¯(q, sc) and u(p2, s2) are
the Dirac spinors with sc (q) and s2 (p2) being the spins (the
four-momenta) of the outgoing Λ∗c and the initial proton, re-
spectively.
The numerical results about total cross section of the
K−p → D−sΛ∗c reaction is presented in Fig. 3. Because the
cutoff can not be well determined, the results at cutoffs devi-
ated from 3 GeV are also presented.
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FIG. 3: (color online). The total cross section σ for the K−p → D−s Λ∗c
reaction as a function of the beam momentum pK− for the cases of
the Λ∗c with J p = 1/2+ (left panel) and 1/2− (right panel).
The results show that the total cross section increases
sharply near the D−sΛ∗c threshold. At higher energies, the cross
section increases continuously but relatively slowly compared
with near threshold. With the increase of the cutoff, the total
cross section will increase, and generally speaking, the total
cross for spin-parity assignment 1/2+ is smaller than these for
1/2−. At a beam momentum about 15 GeV the order of mag-
nitude are about 10 µb, which is considerably large for the
experimentally observation of the Λ∗c with the current experi-
mental technology.
IV. THE K−p → D−s D0 p REACTION
Since the Λ∗c can not be observed directly, the D0 p chan-
nel of the Λ∗c decay, which is the observation channel of the
Λ∗c at BABAR, will be introduced to give a more realistic pre-
diction for the observation of the Λ∗c in experiment. Here we
consider the subsequential decay of the Λ∗c after produced in
the K−p → Λ∗cD−s reaction, i.e. the K−p → D−s D0 p reac-
tion, which is illustrated in Fig. 2. The contributions from the
Λc(2286) and the Σc(2455) will be included as background. It
is a two to three body process, the cross section can be ob-
tained from the amplitude as,
dσ(K−p → D−s D0 p)
=
MN
2
√
(p1 · p2)2 − M2K− M2N
∑
si,s f
|M(K−p → D−s D0 p)|2
×
d3~p3
2E3
d3~p4
2E4
MNd3~p5
E5
δ4(p1 + p2 − p3 − p4 − p5), (14)
where E3, E4 and E5 stand for energy of D−s , D− and final
proton, respectively. And, the MK− stand for mass of beam
particle.
The amplitude M(K−p → D−s D0 p) can be obtained with
Lagrangians given in Sec. II as,
M1/2
+(K−p → D−s D0 p) = i
gΛ∗c pDgΛ∗c pD∗gKDsD∗
q2 − M2
Λ∗c
+ iMΛ∗cΓΛ∗c
×
1
k2 − M2D∗0
FΛ∗c (q2, MΛ∗c )F2D∗ (k2, MD∗ )(p1µ + p3µ)
× u¯(p5, s5)γ5(q/ + MΛ∗c )(γµ −
k/kµ
M2D∗
)u(p2, s2), (15)
M1/2
−(K−p → D−s D0 p) =
fΛ∗c pD fΛ∗c pD∗gKDsD∗
q2 − M2
Λ∗c
+ iMΛ∗cΓΛ∗c
×
1
k2 − M2D∗0
FΛ∗c (q2, MΛ∗c )F2D∗ (k2, MD∗ )(p1µ + p3µ)
× u¯(p5, s5)(q/ + MΛ∗c )γ5(γµ −
k/kµ
M2D∗
)u(p2, s2), (16)
and the amplitudes for the Λc(2286) and the Σc(2455) can
be obtained analogously. Here we take Γ = 0 MeV for the
Λc(2286) and the Σc(2455) states because of their very small
values of the experimental decay width. For the Λ∗c resonance
which we focus on, a value as Γ = 17 MeV is adopted accord-
ing to decay width observed at BABAR which is consistent with
the one observed at Belle [30].
With the formalism and ingredients given above, the cross
section against the beam momentum pK− for the K−p →
D−s D0 p reaction is calculated by using a Monte Carlo mul-
tiparticle phase space integration program, FOWL program,
and checked with a direct integration with Eq. (14). The the-
oretical results at a cutoff Λ = 3.0 GeV for the beam mo-
mentum pK− from near threshold upto 16.5 GeV are shown in
4Fig. 4. The ontributions from the ground Λc(2286) state and
the Λc(2455) state are also presented in the same figure.
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FIG. 4: (color online). Total cross section σ for the K−p → D−s D0 p
reaction as a function of the beam momentum pK− for the Λ∗c with
J p = 1/2+ (left panel) and J p = 1/2− (right panel). The dashed, dot-
ted, and dash-dotted curves stand for the contributions from the Λ∗c ,
the Λc(2286), and the Σc(2455), respectively. The total contribution
is shown by the solid line.
As in the Λ∗c production, the total cross section for an as-
signment of spin parity of the Λ∗c as JP = 1/2− is much larger
than that for assignment as 1/2+. The order of magnitude of
total cross section is about 1 and 10 µb for positive and neg-
ative parity, respectively. The total cross section of the back-
ground contribution from the Σc(2455) is much smaller than
other contributions. The contribution from the Λ∗c which we
focus on in this work is much larger than other contributions
if the spin parity of the Λ∗c is chosen as 1/2−, which makes
the observation of the Λ∗c become easy to do in experiment.
However, if the Λ∗c carries a spin parity of 1/2+, the total cross
section from the Λ∗c is much smaller and comparable with the
background contribution especially that from the Λ∗c(2286).
To give more theoretical information about the Λ∗c produc-
tion in the K−p → D−s D0 p reaction, we present the second or-
der differential cross section d2σ/dΩ/dMD0 p as a function of
invariant mass of the final pD0 two-body system at a momen-
tum of kaon beam as pK− = 16 GeV in Fig. 5(a) and Fig. 5(b)
for positive and negative parities of the Λ∗c, respectively.
The results at typical scattering angles, θ=0, π/6, π/3, and
π/2 are given. An obvious peak can be found around the
invariant mass MD0 p = 2.94 GeV as expected. The differ-
ential cross section is largest at extreme forward angle and
decrease with the increase of the scattering angle. It can be
seen more clearly at the differential cross sections as a func-
tion of scattering angle at invariant mass MpD0 = 2.94 GeV
in Fig. 5(c-f). In Fig. 5(c) and Fig. 5(d), the results for the
K−p → D−s D0 p reaction at different momenta of kaon beam
pK− are presented. The results show that with the increase of
the kaon momentum, the increase of the total cross section as
shown in FIg. 4 is mainly from the increase of the differential
cross section at forward angles. We also present the results of
for the K−p → D−s D0 p reaction through Λ∗c only in Fig. 5(e)
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FIG. 5: (color online). The second order differential cross section
d2σ/dΩ/dMD0 p for the K−p → D−s D0 p reaction as a function of
invariant mass of the final pD0 two-body system MD0 p (panels a and
b), and the scattering angle cos θ (panels c, d, e, and f). The results for
the spin parity JP = 1/2+ of theΛ∗c are presented in the panels (a), (c),
and (e) , and these for 1/2+ in the panels (b), (d), and (f). The panels
(c) and (d) are for the differential cross sections with background,
and the panels (e) and (f) for these without background.
and Fig. 5(f), which suggest the effects of the background on
the the differential cross sections as a function of scattering
angle is very small. With the increase of the momenta of the
kaon beam, more of the Λ(2940) are produced at forward an-
gles. The results suggest that it is better to observe the Λ∗c at
forward angles especially at high energies.
In addition, we present the invariant mass distribution and
of the Dalitz plot the K−p → D−s D0 p reaction in Fig. 6. It
is interesting to see that the peaks are obvious and at invari-
ant mass MpD0 = 2.94 GeV with both assignments of the
spin parity of the Λ∗c. For the assignment 1/2+ of the Λ∗c,
though the background provides considerable contribution to
the total cross section as shown in Fig. 4(a), its contribution
to the invariant mass spectrum change slowly because both
the Λc(2455) and the Σc(2286) are below the D0 p threshold.
The Λ∗c exhibits itself as a sharp peak near 2.94 GeV, which
makes it easy to observe in the experiment with both posi-
tive and negative parities shown in Fig. 6(a) and Fig. 6(c),
respectively. In Fig. 6(b) and Fig. 6(d) the Dalitz plots of the
K−p → D−s D0 p reaction are presented. With both assign-
ments of the spin parities of the Λ∗c, an obvious band for the
Λ∗c can be found near MD0 p = 2.94 GeV.
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FIG. 6: (color online). The invariant mass distribution (panels a and
c) and Dalitz Plot (panels b and d) for the K−p → D−s D0 p reaction at
beam energy pK− = 16 GeV. The panels (a) and (b) are for the case
with spin parity J p = 1/2+ of the Λ∗c , and panels (c) and (d) for the
case with J p = 1/2−.
V. SUMMARY
In this work, we perform a calculation of the Λ∗c production
in the K−p → D−sΛ∗c and the K−p → D−s D0 p reactions within
the effective Lagrangian approach to study the possibility to
study the charmed baryon Λ∗c with kaon beam on a proton
target in experiment. The total cross section of the Λ∗c pro-
ductions is found at an order of magnitude about 10 µb. After
considering the subsequential decay of the Λ∗c in D0 p chan-
nel, the results shown that the signal of the Λ∗c is significant
in the D0 p invariant mass spectrum and the Dalitz plot of the
K−p → D−s D0 p reaction. The large production possibility and
the significant of the signal of the Λ∗c in the kaon-induced pro-
duction on a proton target suggest that a study of theΛc(2940)
with kaon beam are promising in further experiment.
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